We investigated the effects of the antioxidant a-tocopherol on early-and latephase fracture healing in a rat model. Sixty male Sprague-Dawley rats were randomized into two groups. The right tibia of each rat was fractured manually under anaesthesia, and fracture sites fixed with intramedullary Kirschner wires. The a-tocopherol group received 20 mg/kg a-tocopherol intraperitoneally; the control group received intraperitoneal saline injections. Ten rats from each group were sacrificed on day 15, day 45 and day 60. In the a-tocopherol group, malondialdehyde concentrations, a measure of lipid peroxidation associated with oxygen free radicals, were significantly decreased on day 15 and day 45 compared with the control group, but had regained the 15-day value on day 60. On histopathological and radiological assessment, fracture healing on day 60 was significantly more advanced in the a-tocopherol group. We conclude that a-tocopherol has a positive effect on both early and late-phase fracture healing, and may be beneficial in clinical fracture cases.
Introduction
Aerobic organisms possess an antioxidant system that deals with reactive oxygen metabolites produced as a consequence of aerobic respiration. Oxygen free radical formation in excess of the antioxidant capacity of a system disrupts the normal oxidant/antioxidant balance. This has been shown to occur in several conditions, and it has been suggested that oxygen free radicals are responsible for membrane damage in a variety of pathological states. These metabolites may perturb the natural antioxidant defence systems of the cell, resulting in damage to all the major classes of biological macromolecules, including nucleic acids, proteins and lipids. Free radical-mediated lipid peroxidation has been shown to play an important role in several conditions in which cellular damage occurs. 1 -4 The effects of oxygen free radicals can be ameliorated by enzymatic or non-enzymatic antioxidants. 1 α-Tocopherol (vitamin E) is an important lipid-soluble non-enzymatic antioxidant, preventing oxidative attack of membrane lipids and other membraneassociated compounds. It has also been shown to be a very effective scavenger of free radicals. 5 -7 The effects of antioxidants on the early stage of fracture healing have been reported, 3, 8, 9 but the role of the antioxidant α-tocopherol in the late stages of fracture healing has not been examined.
We investigated the effect of α-tocopherol on both the early and the late stages of fracture healing in rats, using erythrocyte malondialdehyde concentrations as an indicator of lipid peroxidation. 10
Materials and methods

ANIMALS
Male Sprague-Dawley rats were used in the study. They were kept in individual cages at a constant temperature (23 ± 2 ºC), with a 14 h:10 h light:dark cycle, and fed standard rat chow. All procedures were performed in the Experimental Animals Breeding and Research Centre of the Medical Faculty of Erciyes University, Kayseri, Turkey. Animal care was carried out with the prior approval of the University Animal Experimental Ethics Committee, and was in full compliance with Turkish Law 6343/2, Veterinary Medicine Deontology Regulation 6.7.26, and with the Helsinki Declaration of Animal Rights.
EXPERIMENTAL GROUPS
The rats were randomly divided into two groups. The right tibia of each rat was fractured manually under ketamine (20 mg/kg) and xylazine (5 mg/kg) anaesthesia, and the fracture site was fixed with intramedullary Kirschner wires. One group received 20 mg/kg α-tocopherol (Ephynal ® , Roche, Basel, Switzerland) intraperitoneally each day. The rats in the second (control) group received an intraperitoneal injection of saline. One third of the rats in both the control and the treatment groups were killed after 15 days, 45 days and 60 days, respectively.
BIOCHEMICAL ASSAY
Blood samples for biochemical assay were taken from the right femoral vein of the rats prior to sacrifice. After separating the plasma, samples were stored at -20 ºC prior to analysis. Erythrocyte malondialdehyde (MDA) concentrations were measured using the double heating method of Jain 10 and expressed in nmol MDA/g haemoglobin.
HISTOPATHOLOGICAL ANALYSIS
Tissue for histological examination was removed from the right and left legs of rats killed after 60 days. Specimens were fixed in 10% formalin neutralized with phosphate buffers for 4 days and then embedded in paraffin wax. After decalcification in 14% ethylene diamine tetra-acetic acid, 5 µm thick sections were stained with haematoxylin and eosin and examined using light microscopy. Fracture healing was evaluated using a five-point scale (grades 4 -0): 11 grade 4, complete bony union; grade 3, incomplete bony union; grade 2, complete cartilaginous union; grade 1, incomplete cartilaginous union; and grade 0, non-union.
RADIOLOGICAL EVALUATION
The right tibias of rats killed on day 60 were examined radiologically. Two-sided radiographs were evaluated using a five-point scale (grades 4 -0): 12 grade 4, full gap bone formation; grade 3, bone formation occupying 75% of the defect; grade 2, bone formation occupying 50% of the defect; grade 1, bone formation occupying 25% of the defect; and grade 0, no evidence of bone formation.
STATISTICAL ANALYSIS
Kruskal-Wallis variance analysis was used to compare the erythrocyte MDA activity in the groups. Results after 15 days, 45 days and 60 days were compared within each group using Friedman analysis. Analysis of MDA in each group was carried out using the Mann-Whitney U-test. Differences in the histological and radiological parameters between the groups were compared using the Pearson χ 2 test and Fisher's exact test, respectively. A P-value of < 0.05 was considered to be statistically significant.
Results
A total of 60 rats weighing 213 -279 g (average 250 g) were used in the study. Ten rats from each group were killed after 15 days, 45 days and 60 days, respectively.
BIOCHEMICAL ASSAY
In the control group, the MDA concentration was increased at 45 days post-fracture and returned to the 15-day value after 60 days.
In the α-tocopherol group, the MDA concentrations were lower than the control values at day 15 and day 45 post-fracture (P < 0.001 and P < 0.05, respectively), and again returned to approximately the 15-day value after 60 days. The lowest MDA values were obtained on day 15 post-fracture in the α-tocopherol group (Table 1) . At all time-points, MDA concentrations were significantly different in the control and α-tocopherol (P < 0.001 or P < 0.05) groups.
HISTOPATHOLOGICAL AND RADIOLOGICAL EVALUATION
Both histologically ( Table 2 ; Figs 1 and 2) and radiologically (Table 3) , fracture healing was found to be significantly superior in the α-tocopherol group compared with the control group on day 60 (P < 0.05 and P < 0.05, respectively). in the human blood plasma and erythrocyte membranes. A major biological role of α-tocopherol involves its reactivity as a free radical quencher: it has been shown to inhibit lipid peroxidation in membranes by scavenging peroxy and alkoxy radicals, and so breaking chain reactions. 5 -7 The lipid peroxidation process can be detected by measuring the degradation products of polyunsaturated fatty acids, such as conjugated dienes and MDA. 10 In our study, erythrocyte MDA concentrations in rats who had received vitamin E were found to be significantly lower than in control rats on day 15 and day 45 post-fracture.
509
CY Turk, M Halici, A Guney et al. Promotion of fracture healing by vitamin E in rats
Fracture healing after injury involves inflammation, repair and remodelling. In the inflammatory stage, polymorphonuclear leucocytes (PMNLs), macrophages and mast cells migrate into the fracture site, 13, 14 and osteoclasts begin to remove necrotic bone. Activation of PMNLs produces oxygen free radicals, which cause lipid peroxidation 1 and are known to impair wound healing and the formation of granulation tissue. 15 Gokturk et al. 3 reported that oxygen free radicals resulting from PMNL activation negatively affected fracture healing in an experimental model. Turgut et al. 16 suggested that oxidative stress injury occurs during inflammation and the formation of callus.
Durak et al. 8 reported that prophylactic administration of α-tocopherol may be beneficial in suppressing the damaging effects of oxygen free radicals in cells during fracture healing. These investigators suggested that α-tocopherol may act as a therapeutic agent in the early phase of fracture healing, but no significant effect of α-tocopherol on tibial fracture healing was shown in a study on rats. 9 This may have resulted from difficulties with the fixation of the fractured rat tibias and limited visualization of the tibias. Garrett et al. 4 suggested that oxygen free radicals (in particular the superoxide anion) are generated during the formation and activation of osteoclasts, and are associated with osteoclastic bone resorption stimulated by parathyroid hormone, interleukin-1 and tumour necrosis factor. In weak, vascularized bone, superoxide radicals formed in the postfracture period stimulate osteoclastic activity and increase bone resorption. We suggest that this effect may be partially reversed by α-tocopherol, which would explain the lower levels of MDA in the α-tocopherol group on day 15 and day 45 in our study. In addition,
the better fracture healing in the αtocopherol group (demonstrated radiologically and histologically) supports this theory.
We conclude that α-tocopherol has a positive effect on both the early and late phases of fracture healing, and may be beneficial in clinical fracture cases. Further studies are necessary to determine the effects of α-tocopherol on early and late phase fracture healing and its mechanism of action.
